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In tro duc tion
Three-di men sional in te grated cir cuit (3D-IC) tech nol ogy, emerg ing as a pow er ful tool for sat is fy ing the chal leng ing in te grated cir cuit pack ag ing re quire ments, has re ceived con sid erable at ten tion in the semi con duc tor com mu nity [1] [2] [3] . By ex pand ing the de sign space into the third di men sion, 3D-IC of fer sev eral ad van tages over the tra di tional mi cro elec tronic de signs, in clud ing re duced av er age wire length, wire de lay, power con sump tion and foot print, etc. [4, 5] . Al though the elec tri cal ben e fits are proved to have great im prove ments in stacked in te grated circuit (IC) pack ages, as the pack age den sity in creases, the heat quan tity in each unit vol ume becomes higher, which will greatly in crease the work ing tem per a ture of the de vice. The prob lems of heat dis si pa tion are more se ri ous and catch ing lots of at ten tions than those in the tra di tional sin gle IC pack age. Hence, ther mal man age ment for 3D-IC is be com ing a ma jor con cern [6] [7] [8] .
In re cent years, the microchannel cool ing tech nol ogy is a prom is ing tech nol ogy for solv ing the ther mal prob lems of the 3D-IC [9, 10] . How ever, the microchannel struc ture and the pa ram e ters of the cool ing liq uid, which have a ma jor im pact on the ther mal be hav ior, are compli cated and hard to be well un der stood. In this pa per, we char ac ter ize the in flu ence of these param e ters on the steady-state tem per a ture pro files of the dies in 3D-IC. The re sults pre sented in this pa per are ex pected to of fer help for the de vel op ment of ther mal de sign guide lines for 3D-IC with microchannel cool ing.
The phys i cal ther mal model
The phys i cal ther mal model of the 3D-IC is shown in fig. 1 , where fig. 1(a) shows the 3D-IC with out the microchannel cool ing, while fig. 1(b) shows the 3D-IC with the in te grated microchannel cool ing.
The 3D-IC are com posed of mul ti ple stacked dies in ter con nected us ing through-sil icon vias, while the num ber of de vices that can be in te grated within the sys tem is lim ited as [8] :
where N G is the num ber of gates that can be in te grated within a sys tem with a clock pe riod t pd , gthe av er age ther mal con duc tance, DT -the tem per a ture gra di ent be tween the dis si pat ing el ements and the am bi ent air, E -the en ergy dis si pa tion, a -their ac tiv ity rate. Heat flow in the 3D-IC is gov erned in a con trol vol ume of a solid that with the iso tro pic ther mal con duc tiv ity by the fol low ing equa tion [11] :
where C v is the vol u met ric spe cific heat of the ma te rial, T -the tem per a ture of the con trol volume, k -the ther mal con duc tiv ity of the ma te rial, & q -the vol u met ric rate of gen er a tion of the heat in side the vol ume. In the microchannel cooled 3D-IC, the en ergy con ser va tion equa tion for heat trans fer in a con trol vol ume of the liq uid can be writ ten:
When com pared to eq. (2), the pre vi ous equa tion con tains an added term on the left hand side, where r u is the ve loc ity of out flow of the fluid at the sur face of the con trol vol ume.
Ex per i men tal re sults
As shown in fig. 1 , the 3D-IC model that we use to study has three dies, which in te grates four microchannels in die-1. The microchannels have the same struc ture, where the height and width are 1.0 mm and 2.0 mm, re spec tively. The die-1, die-2, and die-3 that have the same ther mal con duc tiv ity of 120 W/mK are as sumed to be 10 mm ´ 10 mm ´ 3 mm, 10 mm ´ 10 mm ´ 2 mm, and 10 mm .
10 mm ´ 2 mm, re spec tively. The two bond ing lay ers are both 10 mm by 10 mm by 0.5 mm with the same ther mal con duc tiv ity of 2 W/mK. From the top view, the heat gen er a tions of the three dies are shown in fig. 2 , they are 1.0·10 9 W/m 3 (Postion: 1 mm < x < 3 mm, 1 mm < y < 3 mm, and 1 mm < z < 3 mm), 2.0·10 9 W/m 3 (Po si tion: 4 mm < x < 6 mm, 4 mm < y < 6 mm, and 4.5 mm < < z < 5.5 mm), 1.0·10 9 W/m 3 (Po si tion: 7 mm < x < 9 mm, 7imm < y < 9 mm, and 8 mm < z < 9 mm), respec tively. At the bot tom of the bot tom-most die, the con vec tive heat trans fer co ef fi cient is set to be 1000 W/m 2 K, while the other side sur faces are assumed to be adi a batic.
Case (1). The im pact of the in tro duced microchannels
In this case, we study the im pact on tem per a ture rise as the microchannels are in troduced in the 3D-IC. Fig ure 3(a) shows the tem per a ture curves along the y-di rec tion in the three dif fer ent dies of the 3D-IC that with out microchannel cool ing. When the microchannels are intro duced, the tem per a ture curve is plot ted in fig. 3(b) . Com pared with fig. 3(a) , we find that the tem per a ture has about 24% de cline when the microchannels are in tro duced.
Case (2). The struc ture of the microchannel
In this case, we change the struc ture of the microchannels to find out the im pact on the tem per a ture rise, that is, tak ing the sur face ar eas of the microchannel as in vari ant while changing both the width and height of the microchannel to be 1.5 mm. As shown in fig. 4 , the tem per a ture of the die-1 along the y-di rection de creases a lit tle when the microchannel struc ture is changed.
Case (3). Ve loc ity of the cool ing liq uid
In this case, we study the in flu ence of the cool ing liq uid ve loc ity on tem per a ture rise via in creas ing the ve loc ity by 2 and 4, re spec tively. 
Con clu sion
In this pa per, we stud ied the in flu ence of the microchannel struc ture and the pa ram e ters of the cool ing liq uid on the ther mal be hav ior of the 3D-IC. We an a lyzed the im pact of the microchannel, the microchannel struc ture, and the ve loc ity of the cool ing liq uid on tem per ature rise of 3D-IC. This pa per is ex pected to aid in de vel op ing tem per a ture char ac ter iza tion and pre dic tion tools for 3D-IC with microchannel cool ing. In ad di tion, this pa per may also be help ful in the char ac ter iza tion of var i ous thermal man age ment strat e gies be ing pro posed for 3D-IC with microchannel cool ing. 
